arXiv:1507.01229vl [hep-th] 5 Jul 2015 


Dynamics of the cosmological and Newton's 

constant 

Lee Smolin* 

Perimeter Institute for Theoretical Physics, 

31 Caroline Street North, Waterloo, Ontario N2J 2Y5, Canada 

July 7, 2015 


Abstract 

A modification of general relativity is presented in which Newton's constant, G 
and the cosmological constant. A, become a conjugate pair of dynamical variables. 
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1 Introduction 


In this paper a modification of general relativity is presented in which Newton's constant, 
G, and the cosmological constant. A, become a conjugate pair of dynamical variables. 
They are not, however fields, but functions of a globally defined time, t. This proposal is 
then well defined only in the presence of a condition that gauge fixes the many fingered 
time or refoliation gauge invariance of general relativity, giving a preferred global time. 
This starts out as a gauge fixing but becomes physically meaningful when we make G 
and A functions of it. 

One way to accomplish this, within a consistent modification of the field equations, 
is by using the viewpoint of shape dynamics||ll|2}|3. That is a recently proposed refor¬ 
mulation of general relativity, which is locally, but not necessarily globally, equivalent to 
Einstein's theory. It features a preferred time slicing but, rather than just breaking space- 
time diffeomorphism invariance, shape dynamics trades the gauge symmetry of many 
fingered time, or refoliation invariance, for a local three dimensional conformal invari¬ 
ance. This assures that the physical degrees of freedom, the linearlized approximation 
and the Newtonian limit are all unchanged. 

The theory then trades spacetime diffeomorphism invariance for the gauge group 
given by the product of three factors, based on a 3 -I-1 splitting of spacetime. Ad = S 3 x i?: 

1. Diffeomorphisms of the spatial slices, S 3 (t), denoted Diff{Tj^) 

2. Reparametrizations of the global time coordinate, Diff{R). 

t ^ f{t) (1) 

3. Volume preserving local conformal transformations on S3, denoted C'(S3). These 
act on the spatial metric as 

qab e^^Qab (2) 

subject to the limitation that the volume of S 

V = (3) 

is unchanged. 

These have precisely four degrees of freedom per point. So we can trade 

DtffiM,) ^ DtffiEs) X C'(S3) X Dtff{R) (4) 

The existence of shape dynamics as a locally equivalent reformulation of general rel¬ 
ativity invites us to consider a new class of modified gravity theories which make use 
of the preferred time slicing. These theories will contain novel phenomena while pre¬ 
serving the linearized and Newtonian approximations. In particular having a preferred 
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time available allows us to contemplate making physical parameters into global dynam¬ 
ical variables which depend only on t. There are several reasons to study this kind of 
hypothesis. 


• To understand why the parameters have the values they do. A very general and 
powerful argumenf leads fo the conclusion that the best way to understand why the 
laws in general, and the parameters specifically, are whaf we find them to be, would 
be if that they have evolved according to some dynamical principle MSI l6l IT3l [Til ITSB . 
The idea that the constants of nature evolve on cosmological time scales is proposed 
from different points of view in IITOl ITU and observational limifs fo a variation of 
G are presented in HUTU. We will see in particular how making the cosmological 
constant a dynamical variable transforms the puzzle of its tiny value, opening up 
new possibilities for thaf puzzle's resolution. 

• To understand the origin of the various arrows of time. As hypothesized by Penrose llT^ . 
one strategy for explaining the arrows of time is fo posit that the fundamental laws 
are irreversible. 


• To offer new hypotheses for the solution of the puzzles of cosmology. 

A large class of modified gravify fheories based on fhis sfrafegy were infroduced in 
||T^ . Here we propose a differenf way fo do this based on a very simple idea: make A and 
G functions of a global time, t. To do fhis in a way that does not disrupt the consistency 
of the field equations, we will make them a conjugate pair. 

This proposal was initially inspired by a very intriguing suggestion of Kaloper and 
Padilla|8|. In their work they related the values of Newton's constant and the cosmolog¬ 
ical constant to averages over the lifetime of the universe of certain quantities. This is 
elegant, but commits us to knowledge of the whole future history of the universe. Here 
we weaken their idea so that the time derivatives of these constants are related only to 
averages over the spatial universe at a fixed time. You can say that the theory proposed 
here is a differential version of the Kaloper and Padilla theory. 

We do this in a way which preserves reparametrizations of fhe global time, and we 
find equations for fhe time variation of fhe consfanf^ 

(5) 

( 6 ) 

where Go is the present value of G, 


G 

A 


Go/i 


-V 


Go/i 


/C 


matter 


^ /^V'matter 


jQmatter 


6S 


matter 


6G 


^Here and below we set units such that c = 1. 


(7) 
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/X is an adjustable constant, which can be tuned to make these predictions fit within 
present limits. We note that these equations are not symmetric under time reversal, 
giving another example of an extension of general relativify that is not time reversal 
invariant llT^ . 

One can ask if these relations follow necessarily from the idea that G and A are dynam¬ 
ical variables. This does appear to be the simplest version of the idea which preserves time 
reparametrization invariance. But there are other versions which break the symmetry of 
time reparametrizations. In section 6 we describe one which yields tight results. 


G__ d 
G a 


( 8 ) 


A 


G <C 


matter 


> 


(9) 


Unfortunately, © disagrees with observational bounds on ^ by several orders of magnitude 191 . 

In the next section we introduce the theory we have been describing, whose features 
we illustrate in section 3 by working out the FRW cosmological models. Section 4 is 
devoted to the important issue of consistency of the field equations in both lagrangian and 
hamiltonian form, while in section 5 we visit briefly the implications of treating G and A 
as quantum variables. Brief conclusions are in section 7. In an appendix we work out the 
dependence on varying G of the contributions to the Hamiltonian constraint arising from 
gauge, spinor and scalar fields, fo show thaf a weak form of the equivalence principle is 
maintained. 


2 Making dimensional parameters into dynamical variables 

We consider a non-local action which breaks the spacetime diffeomorphism invariance 
by the imposition of preferred spatial slices. This is done by the imposition of a preferred 
spatial slicing, or decomposition AT^ = S x i?. This slicing follows a preferred time 
coordinate, t. This breaks the spacetime diffeomorphism group down into a product of 
spatial diffeomorphisms and temporal reparameterizations. 

DiffM^ ^ DtffE X DtffR (10) 

This will be manifested by the coupling constants, G and A becoming functions of time. 
We start with the standard action of general relativityH 

S = j dt j d^xy/^(^^{R-2K) + (11) 

Here S is a compact spatial three manifold, and Go is 47r times Newton's constant. 

We alter this action in three steps: 

^We use (—, -|-) signature and conventions of (221 . 
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1. We make the cosmological constant a function of the global time 


A ^ A(f) 


( 12 ) 


2. We introduce a time dependent Newton's coupling by scaliu^ the metric in the mat¬ 
ter action, but nowhere else. We do this by scaling the lapsq^ 

V Go 


9oo —^ 


900, 9ij 9iji 9i0 9i0, 


(13) 


As a result, the following condition holds. 


/C 


matter _ 


6S^ 


matter 


SG 


I 


d^zgooiz 


dS 


matter 


d9oo{.z) 


2 

G 


d^zgQQ{z)T' 


00 


(14) 


3. We add a term to the action to make A and G into a canonical pair. 


(15) 


The result is the action 

^ = f dt f - 2A) + ^ f (16) 

J Jt, \Gq Go J J Go 

Here A and G are functions only of the global time. So this action defends on a preferred 
slicing of spacetime as in shape dynamics. We have scaled out of ^ dominant factor 

of there may be additional dependence on hidden in 

p is a constant with dimensions of mass ■ We may nofe fhaf fhe new ferm is invarianf 
under reparameferizafions of time. Gq is the value of G{t) af some fixed time. We see fhaf 
we can identify G{t) and A{t) as canonically conjugate quantities. 

In the appendix we show that the effect of fhe lapse scaling dT3l) in the Hamiltonian 
formulation is, for scalar, chiral spinor and gauge fields, exactly to multiply the corre¬ 
sponding matter contributions to the Hamiltonian constraint by This is not surprising 
as that is after all the effect of scaling fhe lapse that multiplies the matter term in the 
Hamiltonian constraint. We can say then that the equivalence principle is satisfied in the 
weak sense that all matter degrees of freedom propagafe according fo fhe same G and the 
same four metric. But gravitational waves propagate via a different metric. 

To make sense of the quantities G{t) and A(f) we have to supplement the action with 
a gauge condition that fixes the refoliation or many fingered time gauge invariance. We 
choose the constant mean curvature gauge condition, 

‘5(p) = f p{7V - y/q < TT >) (17) 

Jt, 

^An alternative is to introduce G{t) via conformal scaling, gab ^^gab- but this would result in no 
coupling to scale invariant matter. 
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because it generates its own gauge invariance IjT], ^ |3l, which is local scale transforma¬ 
tions. This puts these considerations into the domain of shape dynamics. But other gauge 
fixings may serve as well. 

The field equations are 


^ab ^QabR T ^Qab 
G 

A 


GTab 

_2V 

A 

^j^matter 

A 



matter 


2V 


(18) 

(19) 

( 20 ) 


We see that the equations for G and A are first order in time and so are not invariant 
under time reversal. We can also note that p can have either sign but that, in either case, 
G and A will have opposite sign. This is forced on us by the conjugate relation of G and 
A together with the normalization that positive corresponds to positive energy 

density. 

We have. 


G _ _2V 
G ~ 


( 21 ) 


can be set to conform to the present observable limits present limits HI 


« < 10-«^ 

G years 


We can parametrize y in terms of a dimensionless number Z as 

fi = ZhR^ 


( 22 ) 


(23) 


where R ^ = Aq is the present cosmological constant. Then we have 

Z > 10^2° (24) 

This is consistent with a conservative bound on A given by 

V „ Mrr 

AH > A=-< >= —^ (25) 

p ZhR^ 

or 

Z > 10^° ^ ^ 10^2°. (26) 

'^proton 

Finally, we notice that if there is no matter our theory reduces to vacuum general 
relativity with a constant cosmological constant. 
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3 FRW cosmology 


To understand how the new theory differs from standard general relativity we go right 
away to the simple FRW cosmological models. The reduction is defined in the Hamilto¬ 
nian formulation^ by specializing the metric to the form 

Qab = a^{t)qab ( 27 ) 


in ferms of a fixed reference mefric while the canonical momentum is restricted to 




The action reduces to 


S 


dt 


A—/i -h no (tto - NC) 
Ho 


( 28 ) 


( 29 ) 


where the fiducial volume of the universe is 

Jy. 


( 30 ) 


The Hamiltonian constraint, with the homogeneous lapse N generates time reparametriza- 
tions 

C = - a^V{a) ( 31 ) 

2a 

The standard potential V is 


A k ^ 47rG'po 
^ ~ 2Goa2 ^ 3Goa3 


( 32 ) 


We note that the CMC gauge condition is satisfied in this case since the momenta are con¬ 
stant densities. This means that a and tt are invariant under volume preserving conformal 
transformations generated by S. 

The new equations of motion are 


G 


NV 

6fi 


where V = is the volume of the universe. 


47r NvqPo 

3 fi 


^For details of the reduction see fl^ . 


( 33 ) 


( 34 ) 
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We note that (l34fe is a simple linear relation, which for either sign of p has the opposite 
sign of (l33l) . 

We vary next by tt to find 

1 TT 

(35) 


^ ■ - r ^ 
—a — Gq- 

N a 


This gives us 


TT = 


NGn 


-H 


(36) 


in terms of the usual Hubble constant, H = -. 

If we vary the action by the lagrange multiplier (or lapse), N we find the Friedmaim 
equation from "H = 0, or 

1 


while varying by a gives an equation for tt 


H^-V] = 0 


1 . _ Gott^ 
n "" 2a2 


+ 3a"y - aV' 


(37) 


(38) 


Combining everything, and fixing the lapse, N = 1, we find the modified Friedmarm 
equation 


= 2GoV 

A k 8nGpo 


3 3Goa^ 

By expressing the equation for tt in terms of d we find the acceleration equation 


(39) 


- = 2GoV-aGoV' 
a 

A AnGpo 
s’ 3^ 


(40) 

(41) 


We can also compute d directly from (l39b . When we do this we get a consistency relation 


dV 

dt 


dV : dV ■ 
NGqVqO? 


A 


dV dV 




(42) 


which we see is automatically satisfied. Hence, the equations of FRW cosmology are 
the same as in the standard case, with the addition of the time dependence of G and A. 
Because these dependences are linked by their being conjugate variables, po is a constant 
as in the usual case. 
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4 Consistency relations 

We just saw that the reduction of our theory to FRW cosmological models is consistent, 
without the need for additional inferactions coupling the matter energy density to the 
time derivatives of G and A. This was due to G and A being conjugate variables. 


4.1 Consistency of the field equations 

We also have to check whether the equations of motion of fhe full theory are consis¬ 
tent. We then take the covariant divergence of the Einstein equation (ITSl) which, using the 
Bianchi identities on the LHS gives us, 

0 = + T±„„di,G + GVi,T±„„ (43) 


which gives us 



Y? n~'ih _ rpi{) 

^ matter G ^ matter 

(44) 

when a = i. The time component also gives a new local relation 


A — GtOO I nyi 

'^-‘-matter “T V a-'-matter 

(45) 


Both dH) and (l45l) impose conditions on the matter degrees of freedom. This is not hard to 
understand; changes in A modify the vacuum energy density, which requires taking en¬ 
ergy from or giving energy fo the matter degrees of freedom. However, we saw fhaf in the 
FRW case this was compensated by changes in G, so no energy had to be requisitioned 
from the matter. To what extent does this occur in the full theory? 

To investigate this we integrate (1^ over y/qgoo- This gives 


A = G < r°^oo > + 


G d 

vm 


- 00 


We can compare this with the equation of motion (|20|) . 


(46) 


A 



matter 


2V 


(47) 


We find 


A 




00 

matter 


G 


\/Q9ooT!, 


00 

matter 


-JC 


matter 


H) = 0 


where we have used the condition ((T4|) in the last step. 
Thus, when (ITlb is satisfied we have fhaf 


(48) 


E 


vqt: 


00 

matter 


(49) 
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is conserved in time, i.e. 



This is a covariant conservation law because of the density factor. 


4.2 Consequences of the modified gauge invariance 

We can understand the consistency relation (|48|) as a consequence of the weakened dif- 
feomorphism invariance. 

We can see this by writing 


S = S^ + 


dt 


L(t) ~\~ pA 


(51) 


where is the pure gravitational action, which depends on Go but not on G or A. Hence 
the dependence of the field equations of G and A is in 

L{t) = j d^xC = f d^X^ ("-2 A + ^^matter\ ( 52 ) 

K! S tj S \ 0 0 / 

We have under dgah = 

0 = [ dt6L = [ d^x-^Cygab (53) 

J Jt, ^9ab 

The gauge symmetry of DiffH x DiffR is represented by = v^{x) which generates spa¬ 
tial diffeomorphisms and v'^ = (r(t), 0, 0, 0), which generates global time reparametriza- 
tions. Under the first we have 


d.f-‘ = = 0 


where the dentistized is given by, 

^9ab 

and the matter energy-momentum tensor is 


t: 


<ab 

matter 


1 ^£matter 
^9ab 


We have 




<ab 

matter 


Ag^'^) 


The spatial components give (1^ . 


(54) 


(55) 


(56) 

(57) 
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The time component is just a global relation 

0= f daf^‘^= [ aoT°° (58) 

Jt, Jt, 

We can write this as, 

A - G < TZuer >=0< > (59) 

This is the same as the integral of the divergence of fhe time componenf of fhe equations 
of motion 

A = G < TZue. > + f I „„ (60) 

Hence we recover the covariant conservation law (|50ll . 


Consequences of the weakened differ invariance, take two 

To focus on this result consider the variation of S under global reparamefrizafions of t, 
i.e. 

dt = fit) (61) 

We have 


0 = ,55 = dt 






GA-GA 


Buf 


while 


6L 6L. 6L- 6L SL 6L 5L ^ 

+ TT^ = TT^TT “ TTTT^ = 0 
SG SA 6G SA 6G 6A 6A 5G 


6L^ 

^9ab 


Sgab = I G'^’^VaVh = - I VaG^%, = 0 


ab^ 


Thus we have, with Va = {'lit), 0, 0, 0), 


(62) 

(63) 

(64) 


0 


d^x 


5L 


Sgabix) 


Sgabix) = -7 / d xVa(v^T““) 


-jp 


(65) 


reproducing (l50ll . 
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Consequences of the weakened differ invariance, take three 

We can understand this from still another angle, if we wrife the action in Hamiltonian 
form as 


L{t) = / £x -NH- N^Vi) 


( 66 ) 


where N = goo is the lapse and "H is the Hamiltonian constraint. We note that this has a 
matter term 

n = (67) 

and that consistency with the Lagrangian formulation requires that ^ non¬ 

linear dependence on G such that 


^qj matter i 

^ ^ _ __ _ n matter 

6G ~ G 

This can be checked for example by the scalar field where 

= - f 

Js ^0 ^ 




( 68 ) 


(69) 


Then we have 

d 


0-^1 = I NXm 


d 


dt 

d 


dt 


m 


.m ; 


= ^ / N^qn+ I N^—G+ I N^—A 


dG 


dA 


I L ^ a L - L L 


(70) 


4.3 Consistency of the Hamiltonian constraint formulation 

Finally, we commenf on the Hamiltonian constraint algebra. We can write the constraints 
in a way that makes explicit their dependence on G and A. 

n{N) = n\N) + + AV{N) (71) 

Where V(N) = ^/qN. We have 

{niN),niM)} = V{v^ = q^^{NdjM-MdjN)) + — [?f”^“**"^(A^)l/(M) - {M)V{N)] 

d 

(72) 

which doesn't close on V{y) unless N = M or V{M) = V{N) = 0. We note that the 
spatial diffeomorphism constraints, ^{v), and the GMG conditions, S{p) are functions of 
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neither G nor A so their algebra is unchanged. Hence the algebra of first class constraints 
is generated by 'D{v) and 'H(l) and have the algebra of Diff{Tj^) x Diff{R). We can 
add to this the local scale transformations generated by S{p). Hence we can see this as 
a gauge theory with four gauge transformations per point, generated by Viv), 'H(l) and 
S{p), where the latter is gauge fixed by 'H(A^). 

This is consonant with the basic idea of shape dynamics which can be expressed in 
these terms in the following way Usually in Hamiltonian approaches to general relativity, 
one thinks that the first class algebra generated by T>(v) and 'H(A^) generates the gauge 
transformations. A partial gauge fixing is given by iS(p); this gauge fixes the 'H(A) where 
< A >= 0. This leaves unfixed 'H(l). But we can turn this around and consider the gauge 
invariance of the theory to be the group ^^//(Sa) x (^(Sa) x Diff{R) generated by Viv), 
S{p) and 'H(l). This is partially gauge fixed by R{N), subject to < A >= 0, which it 
happens also have a first class algebra with the T>(v). However note that these generators 
are not functions of A because V{N) = V < N > . Thus we are free to make G and 
A a canonical pair of dynamical variables without disrupting the algebra of constraints 
and gauge fixing functions of the theory, and hence the gauge invariances. The dynamics 
can be considered to be generated by 'H(l) which generates reparametrizations of the 
global time t, and does incorporate consistently the effects of making A and G dynamical 
functions of t. 


5 Quantization 


We can make some naive first comments about the quantization of our theory. The canon¬ 
ical theory extends that of general relativity by elevating G and A to a conjugate pair of 
dynamical variables with Poisson brackets 


lA 

^ ^ p ZhR^ 


This leads to commutation relations 


|A,G] = 


and an uncertainty relation 


AAAG > 


Go 

Go 


or 


AAAG ^ 1 
^ 4Z 


4ZA2 
~ 10-123 


(73) 


(74) 


(75) 


(76) 


Thus, we do not have to worry about quantum fluctuations in G or A when doing obser¬ 
vational cosmology. 
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6 An alternative 


We next consider instead the following action, which has still weaker gauge symmetry as 
it is not invariant under reparameterizations of time. 


S= dt 


f (±(R-2A)- 

.Js V^O tjro 




i? is a new, fixed cosmological length. 
The field equations are 


(77) 


1 

Go 


^ab 

GTab + Agab 

(78) 

2 


(79) 


~G 

f = 

/s 

^G^ 

(80) 


In addition to the Einstein's equation we have two equations that fix A and G as func¬ 
tions of time. 


G = 

G 

Go-j^ 

(81) 

A = 

r>3 

G ]> _ G ^ ^ 

(82) 

where 

r / _ ^ n matter 

^ ^matter ^ Js V ^ 

1 / 

(83) 

Additional relations are imposed by the Bianchi equation. Let us write 



Tab — T^b T Tib 

(84) 


where = 0. 

Then taking the divergence of the Einstein equation we have 

0 = 9°A + J;“G + GVtT‘ (85) 


We can break this up to space and time equations 

0 = A + pG + (86) 

0 = N.A + T^G + GVbr!; (87) 


Hence there must be a component of the matter field which is not conserved. The 
second equation can be taken as determining the shift, Ni = g^. 
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The value of the cosmological constant seems plausible. However from (IMl) we can 
easily see that 

§ = -3- (88) 

which is of the order of the Hubble constant. However this contradicts present limits [U 


G _is 1 

- < 10 - 

G years 


(89) 


7 Conclusions 

It will be interesting to develop this theory and understand if it offers any insights to 
the puzzles of cosmology. Beyond that several new directions beckon, heralded by two 
queries: 1) Can the other parameters in the laws be also turned into dynamical variables? 
Is there a principle that tells us how to put them together into conjugate pairs? 2) We 
have made two parameters dynamical, but at the cost of introducing a new constant, p. 
Shouldn't /i itself be dynamical? 

We note that the theory proposed here is very constrained by observations. ^ is very 
tightly constrained; to the same level the theory predicts violations of the equivalence 
principle in the strong sense that matter and gravitational waves propagate according to 
two metrics, which differ by the factor of (^)^ in goo- But the equivalence principle is 
satisfied in the weak sense that all matter degrees of freedom propagate according to the 
same metric as shown in the appendix. 

The value required for Z by observation is intriguing as 10^^° reminds us of the area 
of the cosmological horizon in Planck units, and hence holography. But the key questions 
to be addressed are whether the new hypothesis of varying G and A, posited to be a 
conjugate pair, can shed any light on the early universe or the cosmological puzzles. It 
will be also good to see if these ideas make contact with previous explorations of the 
idea of physical parameters varying on a cosmological scale such as those discussed in 

mmmm- 
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A Couplings to matter fields 

We illustrate the procedure of lapse scaling firsf in the case of Maxwell theory, then give 
the results for scalars and chiral fermions. We sfart with the standard action 


gMa.^eU = A [ (90) 

4 Jm 

= -I f (91) 

^ Jm 

We carry out (fT3l) to find, with 5^00 = —N"^, 

^ (92) 

We define the momenta 

F = (93) 

6Ai GN 

in terms of which we wrife 

^Maxwell ^ f - N (94) 

J M ^ ' 

where the electromagnetic contribution to the Hamiltonian constraint is multiplied by G, 

^Maxwell = (95) 

2Go V ^/9 V 

The same goes for the standard actions for scalar and chiral fermion fields. 

= / ^ - V(^) + (96) 

We scale fhe lapse by ((TS)) and find the corresponding contributions to the Hamiltonian 
constraint, which is 

ft*** = ^ + V(4,} + n^T“e-,(®.>l-)« j (97) 


where the momenta are defined by vr = and vr^ = while are 

the four dimensional spin mafrices, related to the three dimensional Pauli matrices by 

^lA _ 0 

So we see that the effect of carrying ouf the scaling (1131) on the lapse is to multiply 
uniformly the matter part of the Hamiltonian constraint by 


16 










References 


[1] Julian Barbour, Niall Murchadha, Conformal Superspace: the configuration space of 
general relativity, arXiv:1009.3559: Julian Barbour, Shape Dynamics. An Introduction, 
arXiv:1105.0183. 

[2] Henrique Gomes, Sean Gryb, Tim Koslowski, Einstein gravity as a 3D conformally 
invariant theory, arXiv: 1010.2481, Glass.Quant.Grav.28:045005,2011. 

[3] Flavio Mercati, A Shape Dynamics Tutorial, arXiv: 1409.0105, 

[4] Horava, Petr (2009). "Quantum gravity at a Lifshitz point". Phys. 

Rev. D 79 (8): 084008. arXiv:0901.3775. Bibcode:2009PhRvD..79h4008H. 

doi:10.1103/PhysRevD.79.084008. 

[5] Lee Smolrn, Did the universe evolve? Glassical and Quantum Gravity 9 (1992) 173- 
191 

[6] Lee Smolrn, Life of the Cosmos, Oxford University Press and Wiedenfeld and Nicolson, 
1997. 

[7] Roger Penrose, Singularities and time asymmetry, in General relativity: an Einstein 
centenary survey, 1979. 

[8] Nemanja Kaloper, Antonio Padilla, Sequestering the Standard Model Vacuum Energy, 
arXiv:1309.6562, Phys.Rev.Lett. 112 (2014) 091304; Vacuum Energy Sequestering: The 
Tramework and Its Cosmological Consequences, arXiv: 1406.0711,Phys. Rev. D 90,084023 
(2014). 

[9] Jean-Philippe Uzan, Tundamental constants and tests of general relativity - Theoretical 
and cosmological considerations, arXiv:0907.3081: Pitjeva E. V., Pitjev N. P, Estimations 
of changes of the Sun's mass and the gravitation constant from the modern observations of 
planets and spacecraft, arXiv: 1108.0246, 2013, Mon. Not. Roy. Astron. Soc., 432, 343; 
2014, Gelest. Mech. Dyn. Astron., 119, 237; Muller J., Biskupek L., 2007, Glassical 
Quant. Grav., 24, 4533; Williams J. G., Turyshev S. G., Boggs D. H., 2004, Phys. Rev. 
Lett., 93,261101. 

[10] J. Moffat (1993). "Superluminary Universe: A Possible Solution to the Initial Value 
Problem in Gosmology". Int. J. Mod. Phys. D 2 (3): 3517366. arXiv:gr-qc/9211020, 
Bibcode:1993IJMPD...2..351M. doi:10.1142/S0218271893000246; J.D. Bar- 

row (1998). "Gosmologies with varying light-speed". Physical Re¬ 
view D 59 (4). arXiv:astro-ph/9811022. Bibcode:1999PhRvD..59d3515B. 

doi:10.1103/PhysRevD.59.043515; A. Albrecht, J. Magueijo (1999). "A time 
varying speed of light as a solution to cosmological puzzles". Phys. 
Rev. D59: 043516. arXiv:astro-ph/9811018, Bibcode:1999PhRvD..59d3516A. 


17 


doi:10.1103/PhysRevD.59.043516; J. Magueijo (2000). "Covariant and lo¬ 
cally Lorentz-invariant varying speed of light theories". Phys. Rev. 
D62: 103521. arXiv:gr-qc/0007036, Bibcode:2000PhRvD..62)3521X1. 

doi:10.1103/PhysRevD.62.103521; J. Magueijo (2001). "Stars and black holes in 
varying speed of light theories". Phys. Rev. D63: 043502. arXiv:astro-ph/0010591, 
Bibcode;2001PhRvD..63d3502M. doi:10.1103/PhysRevD.63.043502; J. Magueijo 
(2003). "New varying speed of light theories". Rept. Prog. Phys. 66 (11): 
2025. arXiv:astro-ph/0305457, Bibcode:2003RPPh...66.2025M. doi:10.1088/0034- 
4885/66/11/R04. 

[11] A. Buchalter, On the time variation ofc, G, and h and the dynamics of the cosmic expansion, 
arXiv:astro-ph/0403202, 

[12] Roger Penrose, Singularities and time asymmetry, in General relativity: an Einstein 
centenary survey, 1979. 

[13] Roberto Mangabeira Unger and Lee Smolin, The Singular Universe and the Reality 
of Time, Cambridge University Press, November 2014. 

[14] Lee Smolin, Time Reborn, Aprill 2013, Houghton Mifflin Harcourt, Random House 
Canada and Penguin (UK), 

[15] Lee Smolin, Temporal naturalism, arXiv:1310.8539, Invited contribution for a special 
Issue of Studies in History and Philosophy of Modem Physics, on Time and Cosmol¬ 
ogy, edited by Emily Grosholz. 

[16] Marina Cortes, Henrique Gomes, Lee Smolin, Time asymmetric extensions of general 
relativity arXiv: 1503.06085. 

[17] Marina Cortes, Lee Smolin, The Universe as a Process of Unique Events, 
arXiv:1307.6167 [gr-qc]. Phys. Rev. D 90, 084007 (2014). 

[18] Marina Cortes, Lee Smolin, Quantum Energetic Causal Sets, arXiv:1308.2206 [gr-qc]. 
Physical Review D, volume 90, eid 044035. 

[19] Joan Sola, Adria Gomez-Valent, Javier de Cruz Perez, Hints of dynamical vacuum en¬ 
ergy in the expanding Universe, arXiv: 1506.05793 [pdf, ps, other] 

[20] Niayesh Afshordi, Daniel J.H. Chung, Ghazal Geshnizjani, Cuscuton: A Causal Field 
Theory with an Infinite Speed of Sound, Phys.Rev.D75:083513,2007 DOT 10.1103/Phys- 
RevD.75.083513, arXiv:hep-th/0609150; Niayesh Afshordi, Daniel J.H. Chung, 
Michael Doran, Ghazal Geshnizjani Cuscuton Cosmology: Dark Energy meets 
Modified Gravity, Phys.Rev.D75:123509,2007 DOT 10.1103/PhysRevD.75.123509, 
arXiv:astro-ph/0702002, 

[21] L. Smolin, http://pirsa.org/15060033/. 


18 



[22] Robert M.Wald, General Relativity, (University of Chicago Press,1984). 


19 



